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The  3-d  periodicity  of  molecular  sieve  sairfaces  coupled  with 
the  ability  to  vary  pore  size,  topology  and  chemical  potential 
of  the  framework  permits  considerable  latitude  in  the 
assembly  of  confined  atomic  and  molecular  arrays. 
Sodalite,  one  of  the  simplest  zeolite  analogue  structures 
with  a  60  atom  cage  can  be  synthesized  with  a  broad  range 
of  different  atoms  to  give  effective  cage  charges  varying 
finm  0  to  -6.  Non-hydzngen  atom  clusters  of  up  to  9  atoms 
and  hydrogen  atom  containing  cltisters  with  as  many  as  17 
atoms  can  be  assembled  witl^  the  cage  during  synthesis 
or  by  gas  phase  or  ion  exchange  inclusian.  The  optical  and 
structural  properties  of  the  included  clusters  can  be 
systematically  modified  by  changes  in  the  cage  dimensions 
and  framework  electric  field.  The  structure  of  both  the 
frameworks  and  the  clusters  within  the  cages  of  sodalite 
structural  analogues  can  be  precisely  determined.  In 
addition  to  new  framework  compositions  with  the  sodalite 
structure,  approaches  to  S3mthesize  new  classes  of 
materials  consisting  of  semiconductor,  metal  or  molecular 
clusters  confined  within  open  fiamework  structures  are 
discussed. 


Recent  progress  towards  the  goal  of  nanostruct;ire  photonic  and 
electronic  components  has  evolved  into  the  development  of  commercial 
devices  which  are  currently  in  the  range  of  0.5  to  1  pm  in  size.  1-d 
confinement  of  atomic  or  molecular  monolayers  (-5  A)  by  molecular 
beam  epitaxy  (MBE),  electrochemical,  atomic  layer  epitaxy  (ALE)  and  ^ 
Langmuir  Blodgett  approaches  has  been  well  documented.  However,  , — 
generation  of  2-d  and  3-d  confined  structures  by  using  tilted  ' 
superlattices  or  related  approaches  has  so  far  given  only  mixed  resxilts,  ; 
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primarily  because  of  lateral  resolution  li^tations  (-lOOA).  Anoth  ir 
dimension  of  sophistication  is  required  to  precisely  fabricate  periodic  3-d 
structrires  with  confinement  sizes  below  100  A.  In  this  size  regime, 
where  the  volume  to  surface  area  ratio  oT  the  bulk  material  rapidly 
decreases,  one  finds  the  transition  fiam  extended  band  structum  to 
quantum  confined  structure,  i.e.  the  interface  between  solid  state  and 
molecular  inorganic  chemistry.  This  fascinating  area  of  cluster 
chemistry  is  currently  being  intensively  investigated  by  synthetic 
chemists,  theorists  and  device  engineers. 

There  are  several  important  requirements  related  to  the 
properties  of  an  ideal  3-d  heterostructure.  These  include: 

•  size  and  topographical  uniformity 

•  3-d  periodicity 

•  tun^ility  with  respect  to  atomic  modification  of 

-  topography 

-  cluster  dimensions 

-  siirface  states  defined  by  the  cluster/packaging  interface 

-  intercluster  coupling 

•  thermal  and  optical  stability  of  both  substrate  and  the  3-d  dusters 

•  optical  transparency  of  the  3-d  endosure  surface 

Currently,  there  are  few  examples  of  structurally  defined  3-d 
periodic  arrays  of  packaged  clusters.  As  a  packaging  medium, 
molectilar  sieves  have  the  potential  to  be  used  to  generate  3-d 
heterostructiires  consisting  of  ordered  assemblies  of  various  dusters 
with  sizes  between  6-13  A.  In  this  family,  the  sodalite  structure  has  the 
simplest  cage  and  3-d  periodic  geometry  with  exceptional  crystallinity. 
As  such,  it  provides  an  excellent  opportunity  to  investigate  how  one 
might  use  host  composition  to  control  duster  structure  and  electronic 
properties. 

An  Inorganic  60  Atom  Cage 

Figure  1  shows  the  truncated  octahedron  of  the  sodalite  structure  and 
for  comparison  the  truncated  icosahedron  found  for  Ceo 
huelcmi n aterfiill  erenpf  1 ) .  The  truncated  octahedron  is  constructed  with 
tetrahedrally  coordinated  metal  atoms  (Si,Al)  which  are  linked  by 
comer  sharing  oxygen  atoms.  The  upper  right  hand  part  of  Figure  1 
shows  only  the  24  metal  atoms  which  make  up  the  sodalite  cage.  The  36 
connecting  oxygen  atoms  (lower  part  of  Figure  1)  make  up  the 
remainder  of  the  60  atoms  in  the  polyhedron.  A  hypothetical  organic 
analog  would  be  a  saturated  polyetber.  The  pore  openings  are  t3rpically 
described  as  “6  rings”  (metal  atoms  only)  which  are  in  fact  12  atom  ring 
openings  with  alternating  metal  and  oxygen  atoms,  while  the  *4  rings” 
correspondingly  define  8  atom  ring  openings.  In  the  remainder  of  this 
paper  we  will  retain  the  usual  zeolite  molecular  sieve  convention  of 
denoting  these  pores  by  the  metal  atoms  only  (i.e.  as  6  rings  and  4  rings). 
This  simple  cage  structure  is  an  important  fundamental  bxiilding  block 
in  molecular  sieve  and  zeolite  chemistry  and  can  be  \ised  to  generate 


2 


open  zeolite  structiires  by  structural  architecture  based  on  putting 
together  “clusters  of  cages”  as  in  zeolite  A,  zeolite  X  or  Y,  and  the 
hexagonal  form  of  zeolite  Y. 

There  are  a  large  number  of  atomic  and  molecular  clusters  that 
can  be  synthesized  within  the  sodalite  cage.  An  example  is  the  eight 
atom  cubane>like  cluster  formed  by  cadmium  sulfide  in  the  sodalite  (B) 
cages  of  zeolite  Y  (Figure  2)  (2).  Na^ClOa  is  an  8  atom  cluster  found  in 
the  sodalite  cage  with  a  different  geometry,  i.e.  a  cubane  type  structure 
with  one  oxygen  atom  missing  firom  a  comer  site  and  a  chlorine  atom  at 
the  center The  five  atom  M4X  cluster  (Figure  3)  is  illustrated  for  Zn-tS 
in  Zn4S(BeSi04)3('<^j  and  discussed  in  more  detail  below.  One  can  have  at 
least  9  non-hydrogen  atoms,  or  as  many  as  17  atoms  if  hydrogen  atoms 
are  included,  within  a  sodalite  cage  (Table  1). 

The  term  “empty  cage”  is  used  to  refer  to  structures  which  do  not 
contain  atoms  at  the  center  of  the  cage.  This  is  denoted  in  empirical 
formulae  by  D,  e.g  Na3Q(AlSi04)3  for  an  “empty”  cage  containing  [NaaJS-*-, 
versus  Na^r(AlSi04)3  for  a  “filled*  cage  containing  [Na4Br]3+.  The 
sodium  atoms  of  the  [Na4Br]3-^  cluster  are  tetrahedr^y  located  at  four 
of  the  6  ring  windows  as  illustrated  for  [Zn4S]6'^  in  Figure  3.  Removal  of 
the  Br  atom  from  the  center  of  the  cage  and  one  sodium  atom  from  the 
[Na4]3+  tetrahedron  along  with  some  (hsplacement  of  the  sodium  atoms 
gives  the  topography  of  the  [Na3]3+  dtister.  Empty  cage  structures  can  be 
made  by  direct  synthesis  or  by  the  reactions  indented  below  (i.e.  starting 
with  a  sodalite  which  has  a  hydroxide  group  at  the  center  of  the  cage)  in 
which  sodium  hydroxide  is  removed  by  extraction  to  give  “empty  cages” 
containing  three  sodixim  atomsCSl. 

Na4[0H](AISi04}3  NaaD  (AISi04)3  NaOH 

soxhiet 


Na4l0H]xIBr]i.x{AISI04)3->  Na4.xn[Br]i.x(AlSi04)3  +  xNaOH 

Alternatively,  a  specified  number  of  empty  and  filled  cages  can  be 
synthesized  by  starting  with  a  material  which  has  some  cages 
containing  hydroxide  and  others  containing  the  desired  atoms. 
Hydroxide  extraction  then  will  leave  the  desired  fraction  of  cages  filled 
with  the  cluster  surroxmded  by  empty  cages. 

Numerous  other  cage  geometries  and  charges  are  accessible  such 
as  the  4-9  combination,  Na3LSO4]0(AlSiO4)6rd)  (an  equal  number  of 
cages  containing  four  atom  CNa]4^  and  nine  atom  CNa4S04]2-^  clusters), 
the  5  atom  mixed  cluster  foimd  in  [Zn3GaAs](B02)i2(7)  and  clusters 
designed  for  ternary  metal  atom  cages  as  in  [(CH3)4Nl(MgAl2P30i2)('fi). 

The  sodalite  crystal  structure  is  usually  a  cubic  close  packed 
array  of  truncated  octahedral  cages,  however,  lower  crystallographic 
33rmmetries  including  tetragonal,  hexagonal,  and  orthorhombic  can  be 
obtained  by  appropriate  framework  atom  substitutions.  Using  different 
atomic  group  compositions  also  modifies  the  cage  size,  cage  electric  field 
and  dielectric  properties.  Examples  of  sodalites  are  known  with  all  of 
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the  group  combinations  shown  in  Table  2.  _Note  that  the  formal  sodalite 
cage  cha^e  varies  from  0  to  -6. 

The  cages  can  be  considered  as  potential  wells  with  barriers 
between  the  cages  dependent  upon  framework  dielectric  properties  (i.e. 
frramework  charge  and  atomic  composition).  In  the  following 
discussion,  we  consider  how  the  cage  electric  field,  the  cage 
geometry  and  the  intercage  separation  influence  cluster  properties. 

Optical  Spectra  and  the  Cage  Electric  ileld 

One  of  the  simplest,  but  most  intriguing  clusters  is  synthesized  by  gas 
phase  deposition  and  consequent  diffusion  of  sodium  atoms  into  an 
“empty”  cage  CNaai^-^  to  give  a  four  sodium  atom  cluster,  [NaJ^-**,  with  an 
unpaired  delocalized  electron  within  the  cage  (9) XIO) XU) /W.  The 
UV-VTS  absorption  spectrum  of  the  Nai^-^-sodalite  is  dominated  by  an 
electronic  transition  between  the  internal  Stark  effect  broadened  ground 
and  first  excited  state  of  the  Na^^-^  cluster.  EPR  studies  of  this  sodalite 
“electride”  have  been  disctissed  previously  (10,11,12)\  however,  no 
quantitative  measurements  have  been  previously  reported  for  the  optical 
properties  of  this  phase. 

In  a  recent  experimenh'iJj  the  sodium  vapor  emerging  frrom  a 
temperature  controllable  source  inside  a  high  vacuum  apparatus  for 
metal  vapor  deposition('i4j  was  deposited  onto  the  surface  of  the 
Na30(AlSi04)3  sodalite  at  a  background  pressure  of  P=lxlO''^  torr.  A 
aeries  of  samples  was  prepared  with  different  concentrations  of  [Nai]^-^ 
clusters  formed  by  Effusion  of  sodium  atoms  into  the  “empty” 
Na30(AlSiO4)3  sodalite  cages.  The  diffuse  reflectance  spectra  of  the 
samples  containing  approximately  one  [Na4]3+  cluster  per  50,  10  and  4 
empty  cages  are  shown  in  Figure  4. 

The  spectrum  corresponding  to  the  lowest  concentration  ratio 
(1:50)  is  shown  on  an  expanded  scale  in  Figure  6.  This  defines  the 
absorption  spectrum  of  an  isolated  color  center.  An  additional 

band  appears  in  the  UV  region  of  the  spectrum  (-38,000  cm*i)  as  soon  as 
the  increasing  concentration  of  sodium  atoms  leads  to  the  formation  of 

clusters  in  adjacent  cages.  This  band  expands  into  the  IR  region 
as  more  of  the  14  nearest  neigbor  (eight  via  6-nngs  and  4  via  4-rings) 
cages  are  filled  around  a  given  Na43^  cluster  cage,  leading  at  the  end  to  a 
black  metallicf91  material. 

Time  dependent  first  order  perturbation  theory  calculations  to 
determine  the  absorption  cross  section  for  the  Na43'*'  clusters  in 
Na3+/i.x[e-]x(AlSi04)3  can  be  carried  out  rigorously  for  this  one  electron 
problemfi5^  using  the  cage  potential  field  and  the  cluster  geometry  as 
input  parameters.  The  hypothetical  four  atom  cluster  in  free 

space  would  show  a  single  absorption  line  at  3.2  ev.  This  line  is  split  into 
a  multiplet  by  the  sodalite  cage  electric  field  and  by  higher  energy 
transitions  to  the  framework  states. 

Several  semiempirical  calculations  (16)XWX)-8)X19).  have  been 
carried  out  to  determine  the  cage  and  framework  potential  of 
aluminosilicates,  with  widely  varying  resxilts  for  the  implied  framework 
atom  charges.  The  optical  properties  are  clearly  a  sensitive  function  of 
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charge  as  shown  in  Figure  5  for  theoretical  resiilts  obtained  using 
recently  published  cage  electric  field  paTametersC20J,C21J/22J/23)  with  a 
fixed  polarization  direction  and  zeolite  orientation.  The  spectrum  is  also 
sensitive  to  Na-Na  distances,  which  are  presently  being  characterized. 
The  best  agreement  between  theory  and  experiment  is  shown  in  Figure 
6.  The  theoretical  model  is  for  the  orientationally  averaged,  high 
resolution  spectrum  with  the  following  firamework  charges:  Si=-»-1.5, 
Al=0.85,  O=*0.84,  and  Na=-»-l.  These  are  in  dose  agreement  with  the 
model  of  Leharte  ('21J.  The  isolated  cage  results  will  be  extended  to 
theoretical  modelling  of  the  interduster  interactions  which  contribute  to 
the  infrared  absorption  with  increasing  sodium  atom  loading,  and 
which  define  the  fully  loaded  cage  and  duster  band  structure. 

Frameworir  Atom  Substitution  and  Interdntracluster  Geometry 

An  obvious  way  to  tune  the  dtister  electro-optic  properties  within  a  given 
structure  is  to  change  the  cage  and  channel  framework  atomic 
composition.  The  net  empirical  charge  is  kept  constant  by  isovalent 
substitution  as  exemplified  in  an  isostructural  molecular  sieve  series 
containing  Al/Si,  Ga/Si,  Al/Ge,  and  Ga/Ge  firamework  atoms.f24)  This 
substitution  does  several  things.  It  changes  the  average  framework 
electronegativity,  firamework  potential,  band  structure  of  the  firamework 
and  consequently  intercage  coupling.  It  also  modifies  the  inherent 
firamework  polarizability  along  with  the  linear  and  nonlinear  optical 
properties.  This  has  been  supported  by  our  recent  studies  of  the 
nonlinear  optical  response  of  the  four  noncentrosymmetric  sodalites 
with  the  above  compositions  (2S).  Second  harmonic  generation  (SHG) 
meastirements  performed  on  the  crystalline  powders  using  Nd-Yag 
1064  nm  radiation  showed  that  substitution  of  silicon  by  germanium  in 
Na30(AlSi04)3»4H20  and  Na3[](GaSi04)3 *41120  increases  SHG 
efifidency  by  factor  of  3  while  substitution  of  aluminum  by  gallium  in 
Na30(AlSi04)3*4H20  and  Na30(AlGeO4)3*4H2O  increases  SHG  by  only 
30%.  Evaluation  of  the  P43m  point  group  X(i23)  nonzero  polarizability 
tensor  elements  using  the  SHG  measurements  for  this  series  is  in 
progress. 

The  geometry  changes  assodated  with  isovalent  framework 
substitution  also  can  dramatically  affect  both  duster  geometry  and 
diffusion  properties  through  the  pores.  Structural  parameters  are  given 
in  Figure  7  for  (1)  a  series  of  "empty"  cage  sodalite  analogue  structures 
filled  with  water,  (2)  an  example  of  a  dehydrated  empty  cage  and  (3)  an 
anhydrous  sodalite  with  a  hydroxyl  group  at  the  center  of  the  cage. 
Various  framework  compositions  are  indicated  (26), (27), (28), (29). 
Several  key  points  arise  firom  these  data. 

Framework  atomic  radii  in  Na30(ZnAs04)3*4H2P  (27),  (30)  are 
0.60A  (Zn2>)  and  0.34A  (As5>)  (cf  0.47A  (Ga3^)  and  0.39A  (Ge^^))  so  that 
one  might  expect  to  obtain  for  a  given  zeolite  structural  analogue  the 
largest  known  pores  and  channels  with  the  zinc  arsenates.  However, 
increasing  the  atomic  radii  of  the  firamework  metal  atoms  does  not 
necessarily  give  either  a  larger  cage  or  pore  opening.  This  is  indirectly 
evident  firom  the  lattice  parameters  for  the  cubic  unit  cells  of  the  sodalite 
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analogue  systems,  and  specifically  is  rejected  in  the  decrease  in  the 
T-O-T  angles  as  the  atomic  radii  increase  (Figure  7)/31)  A  is  the  area 
of  the  triangle  of  oxygen  atoms  which  defiiie  the  six  ring  pore  openings 
of  the  sodalite  cage.  A  and  the  pore  openings  decrease  in  size  with 
increasing  atomic  radii. 

5  is  the  distance  of  the  sodium  atom  firom  the  plane  of  the  six  ring 
tetrahedral  atoxns.  If  5  =  0,  the  sodium  atoms  no  longer  have  a  single 
cage  identity,  and  are  equally  shared  between  adjacent  cages.  At  that 
point,  as  far  as  the  sodium  atoms  are  concerned,  the  structure  is  an 
expanded  lattice  with  no  definable  sodium  atom  clusters.  Upon 
dehydration  of  NaaQIAlSiO^ls  *41120  there  is  a  dramatic  framework 
displacement  of  the  60  atom  cage.  The  area  of  the  pore  opening 
increases  80%  so  that  the  structure  becomes  much  more  permeable. 
The  T-O-T  angle  increases  20*  in  going  from  Na3Q(AlSi04)3 *41120  to 
Na3Q(AlSi04)3  and  the  sodium  atom  moves  to  within  0.24  A  of  the  center 
of  the  pore  opening.  0.24  A  is  the  displacement  required  for  the  Na3^*’ 
clxister  identity  to  be  lost  and  the  structxire  to  be  transformed  into  an 
expanded  Na-^  lattice.  The  sodium  atoms  can  be  pulled  back  into  a  given 
cage  by  placing  within  the  cage  a  charged  species  such  as  the  hydroxyl 
ion.  The  consequence  of  tlus  is  a  smaller  T-O-T  angle  and  pore  opening. 

An  example  of  the  precision  with  which  one  can  determine 
cluster  and  packaging  structiiral  properties  in  the  sodalite  systems  is 
provided  by  our  recent  synthesis  and  characterization  of  the  Ga/Ge 
sodalite  structtiral  analogue,  Na30(GaGe04)3*4H20.  The  site  ordering 
of  the  framework  atomr,  has  a  profound  effect  on  the  potential 
distribution,  cluster  geometry  and  electronic  properties.  From  an  X-ray 
diffraction  point  of  view,  one  is  asking  to  differentiate  between  two  atoms 
which  differ  by  one  electron  «}a(31)  and  Ge<32)).  MASNMR  spectroscopy 
could  partially  resolve  this  question,  but  wotild  not  provide  the  structm^ 
details  needed  for  the  defi^tion  of  optical-structural  relationships.  If 
indexed  by  ‘hlack  box”  software  routines  currently  used.  X-ray  data  for 
both  polycrystaUine  and  single  crystal  samples  of  Na30(GaGeO4)3*4H2O 
give  a  body  centered  lattice,  space  group  143m.  Single  crystal  structure 
refinement  in  this  space  group  (isotropic,  no  hydrogen  atoms)  converges 
to  R  js  0.016  and  R*,  =  0.019  with  an  average  T-0  distance  of  1.791(1)A  for 
a  disordered  array  of  gallixim  and  germanium  atoms.  A  more  careful 
examination  of  the  single  crystal  diffraction  data  shows  several 
reflections  which  are  an  exception  to  the  body  centered  assignment  with 
intensities  <  2o(background).  Including  these  additional  reflections  in 
the  space  group  P43n  gives  a  refinement  with  R  =  0.012  and  Rw  -  0.014 
(isotropic,  no  hydrogen  atoms).  More  important  than  this  decrease  in  R 
factors,  are  the  changes  in  the  Ga-0  (1.840(1)A)  and  Ge-0  (1.745(1)A) 
bond  distances,  consistent  with  an  ordered  gallium/germanium 
fimmework.  These  results  have  been  recently  supported  by  "^iGa 
MASNMR. 

Other  ways  of  varying  the  framework  geometry  are  shown  in 
Figure  8,  for  example,  placing  a  relatively  large  atomic  group  such  as 
MnO ^-(32)  at  the  center  of  the  cage  increases  the  pore  size  opening  and 
moves  the  sodium  atoms  towards  the  center  of  the  six  ring  opening.  The 
metal  atoms  at  the  six  ring  sites  are  also  closer  to  the  expanded  lattice 
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positions  in  the  sodalite  analog  structures  which  have  small  cages 
becaiise  of  small  atoxnic  radii  (0.11  A  0.27  A  (Be2>)  and  0.17  A 

(Ps^)). 

In  this  connection,  it  is  of  interest  to  note  that  a  comparison  of  the 
optical  spectrum  of  Ag^Br  in  Ag4[Br](AlSi04)3C551,C341,r351  and 
Ag4[Br](BeP04)3C551  revels  a  distinct  r^  shift  (-70  nm)  in  the  optical 
spectrum  in  the  latter.  This  is  consistent  ^th  the  cages  being  closer 
together  (cage  center  -  cage  center  7.328(1)A  versus  7.17(1)A);  and,  as 
noted  above,  with  the  silver  atoms  in  the  smaller  BePO  cages  being 
closer  to  the  center  of  the  six  rings  and  therefore  to  the  expanded  lattice 
configuration.  These  considerations  may  be  secondary  to  changes  in  the 
firamework  electric  field  which  are  obtained  by  substituting  Be  for  A1  and 
P  for  Si.  This  is  an  example  of  the  substitution  shown  in  Table  2,  giving 
in  this  case  larger  local  gradients  in  the  cage  electric  field.  Additional 
experiments  and  theoretical  modelling  are  currently  underway  in  order 
to  resolve  the  relative  importance  of  the  above  possibilities. 

A  variety  of  five  atom  cluster  combinations  can  be  made  with 
H-V,  II-VI  and  III-V  atoms  packaged  in  the  sodalite  structure 
(Table  3).C37)  The  tetrahedral  geometry  of  the  first  coordination  sphere 
around  the  group  VI  atom  in  these  structures  is  the  same  as  that  in  the 
corresponding  bulk  semiconductor.  The  geometry  of  this  coordination 
sphere  can  be  substantially  modified  by  the  framework  packaging.  For 
example,  the  Zn-S  distance  for  the  five  atom  2048  cluster  is  significantly 
shorter  in  the  highly  constrained  boralite  cage  in  Zn4S(B204)3  than  in 
the  larger  beryllosilicate  (Zn4S(BeSi04)3  or  beryllogermanate 
Zn4S(BeGe04)3  cages  (Table  3).  In  the  latter  two  larger  cage  structures, 
the  Zn*8  distance  approaches  that  observed  in  the  bulk  semiconductor. 
Framework  substitution  chemistry  also  changes  the  intercage  distance 
and  the  “expanded  lattice”  nature  of  the  cage  by  virtue  of  the  siting  of  the 
zinc  atoms.  The  systematic  correlation  of  these  structural  changes  with 
optical  properties  is  of  considerable  interest  and  currently  being 
investigated. 

^  summary,  although  the  sodalite  cages  are  relatively  small  and 
limit  the  size  of  the  clusters  which  can  be  examined,  they  provide  an 
excellent  opportunity  to  investigate  and  model  3-d  packaging  of  clusters. 
One  can  grow  single  crystals  as  large  as  a  centimeter  of  several  of  these 
compositions.  Because  there  is  a  large  structure  field  with  lattice 
parameters  varying  by  as  much  as  20%,  lattice  matching  to  generate 
thin  films  is  feasible.  In  addition,  the  six  ring  pores  are  sufficiently 
large  so  that  gas  and  ion  phase  inclusion  chemistry  can  be  used  to 
modify  the  fiamework  and  synthesize  clusters.  As  noted  above,  these  are 
noncentrosymmetric  crystal  structures  with  second  order  NLO 
properties.  In  the  most  common  space  group  (F43n)  for  this  structural 
field  there  is  only  one  susceptibility  tensor  element,  Xii23')*  ^hich  can  be 
determined  directly  from  powder  data  and  used  to  evaluate 
structure/property  relationships.  The  high  optical  density  has  already 
been  demonstrated  to  give  exceptional  sensitivity  and  resolution  in 
cathodo-chromic  device  applications  based  on  F-centers  in  halogen  and 
Ge-doped  Na4Br(AlSi04)3  C38).  Structurally  it  is  possible  to  determine 
atomic  positions  and  site  occupancies  precisely.  The  large  accessible 
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compositional  structural  field  also  makes  it  possible  to  vary  the 
firamework  band  structtire  and  charge  over'a  wide  range. 

Other  3-D  Packaging  Considerations 

The  above  approach  for  sodalite  structure  analogues  is  currently  being 
extended  to  other  periodic  3-d  open  framework  hosts.  Some  specific 
goals  (in  addition  to  those  noted  previoiisly)  include: 

•  Stereoselective  and  orientational  defrned  self  assembly 

•  Larger  channels  and  cage  dimensions  (>  lOA  ) 

•  Definition  of  order/disorder  properties 

•  Homogeneity  and  difiusion  control 

All  of  these  have  been  siifBciectly  well  demonstrated  to  confirm 
the  feasibility  of  ultimately  generating  nanocomposite  devices  based  on 
packaging  in  3-d  periodic  hosts.  Taking  advantage  of  an  organic 
guest/inorganic  host  approach,  we  have  used  polar  molecular  sieve 
channels  to  self  assemble,  orient  and  stabilize  molecular  arrays  of 
hyperpolarizable  organic  molecules.  Molecular  self  assembly  has  been 
monitored  both  on  the  external  surface  of  zeolites  by  atomic  force 
micro scopy(APMy3Sj  and  within  the  pores  by  second  harmonic 
generation.  Orthogonal  self  assembly  within  the  3-d  pores  has  been 
demonstrated  by  co-inclusion  of  two  types  of  organic  guests  which  have 
diametrically  opposed  non-linear  optic  responses  (40), (41), (42).  For 
example,  para  nitroaniline  (NA)  has  a  zero  SHG  response  in  the  bulk 
since  it  is  centrosymmetric,  but  can  be  oriented  by  the  host  channel 
polar  axes  of  AlPO-S  to  give  a  large  SHG  response.  Conversely,  2  meth^ 
para  nitroaniline  (MNA)  has  a  large  bulk  SH(^  as  a 
noncentrosymmetric  phase,  but  because  of  the  change  in 
stereochemistry  upon  methyl  substitution  is  not  properly  oriented  in  the 
channels  of  ALFO-5,  giving  a  zero  SHG  response  at  all  channel 
loadings.  However  NA  can  be  used  to  co-assemble  molecules  of  MNA 
and  orient  them  in  such  a  way  as  to  generate  as  large  an  SHG  response 
as  for  NA  alone.  Yet  the  two  molecules  have  diametrically  opposite 
(orthogonal)  electro-optic  properties  in  both  the  bulk  and  the  polar 
chaxmels  of  ALPO-5. 

The  primary  limitation  of  the  sodalite  structures  is  the  relatively 
aTtiall  cage  and  pore  size.  The  dusters  per  se  have  dimensions  well 
below  the  exdton  radius  for  the  corresponding  btilk  semiconductors. 
The  120  atom  26-hedron  cages  of  zeolites  RHO  and  Y  increase  the 
possible  duster  diameter  to  -11- 13 A.  The  development  of  new  larger 
pore  molecular  sieves  is  being  actively  piirsued  by  numerous  groups 
using  Hofihnan  and  3-d  linked  molecular  rod  complexesr^?,),^^)  for  the 
building  blocks  of  open  framework  structxires,  new  approaches  to 
molecular  sieve  synthesis  and  open  frameworks  containing  both  foxir 
and  six  coordinate  metal  ions.  We  will  dose  with  some  recent  results 
related  to  the  last  two  items. 

By  carrying  out  molecxilar  sieve  synthesis  at  lower  temperatures 
one  hope  to  accomplish  several  goals:  1)  obtain  more  open  structural 
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phases,  2}  use  the  solvent  as  an  effective  structural  template  and 
3)  intercept  metastable  phases  which  have  a  short  half-life  at  higher 
temperatiires.  The  precedent  for  solvent  templating  is  indicated  by  the 
work  of  Jef&ey  in  the  late  1960V45^  who'demonstrated  that  one  could 
isolate  and  structurally  characterize  gas  and  ion-pair  hydrates  at  low 
temperatiires.  An  example  is  tetra(i-pentyl)ammonium  fluoride  which 
crystallizes  at  31.2®C  with  an  empiric^  formula  (isoC5Hii)4NF*38H20. 
In  addition  to  the  utility  of  tetra-alkyl  ammonium  fluorides  as  co-solvent 
mineralizers  in  zeolite  synthesisr46'i,f471,  their  templating  ability  should 
be  increasingly  effective  with  decreasing  temperature. 

Using  beryllium  or  zinc  as  framework  metal  atoms,  we  have 
isolated  a  number  of  open  framework  structures  at  room  temperature  or 
loweT{27J,('30J,('4SJ/49J  well  within  the  regime  of  solvent  clathrate 
templating.  The  molecular  sieve  chemistry  of  these  new  framework 
compositions  is  extensive.  Using  only  the  sodium  ion  as  a  template  over 
a  pH  range  from  1  to  13  gives  nine  different  phases  within  a  narrow 
temperattire  range  of  whi^  five  are  open  framework  and  one  contains 
(ZnO)2PO  3-ring  configurations.  Zeolite  X  can  be  synthesized  at  -18°C 
overnight  using  mixed  templates  (e.g.  sodium  and  tetramethyl 
ammonium  halide)  and  nonaqueous  cosolvents.  Organic  template 
phases  are  equally  prolific.  l,4-Diaz.'’bicyclo[2.2.2]octane  (DABCO)  gives 
seven  distinct  crystalline  phases  of  which  five  are  open  framework 
structures.  The  zinc  open  framework  structural  field  is  expanded 
further  when  one  considers  the  organophosphonates  and  phosphites 
which  have  been  described  by  Clearfieldf5Q),r5i>)  and  Mallouk.r52) 

Nature  has  provided  numerous  intriguing  examples  of  opei: 
framework  structures  containing  both  four  and  six  coordinate  nr 
atoms.  Using  a  non  aqueous  solvent  approach  with  organometi^ 
precursors,  we  were  able  to  synthesize  hureaulite  and  alluaudite,  t.. 
open  framework  iron  phosphates.fSJl  More  recently  Hatishalter  has 
described  a  large  number  of  reduced  Mo(IV)-Mo(V)  open  framework 
phosphates.^'S^l  Two  other  interesting  members  of  the  iron  phosphate 
and  arsenate  mineral  family  are  the  30  ring  channel  (free  pore  diameter 
I4.2A)  cacoxenite  ([Al(AUe)3Fe2i0s(0H)i2(P04)i7<H20)24]  •51H20)f55) 
and  the  smaller  eight  ring  channel  pharmacosiderite, 
(KFe4(0H)4(As04)3*8H20).r56;)  The  latter  is  another  example  of  a  cluster 
of  cages,  the  cages  in  this  case  being  the  M4X4  cubane  structure  f57J, 
and  has  been  synthesized  as  M4Ge70i6  (Ms  Li,  Na,  K,  Rb,  Cs,  H); 
M4(Ti0)4(Si04)3  (Ms  K,  Na,  H);  M4(Ti0)4(Ge04)3  (M=  K,  H)  and 
(KJI)5(Fe0)4(As04)3.('5S)  In  all  cases  there  are  7-8  water  molecules 
associated  with  the  empirical  formula.  The  germanium  isostructure  is 
shown  in  Figure  9. 

Summary 

3-d  packaging  with  crystalline  periodicity  gives  well  defined  structures 
with  the  flexibility  to  fine  time  optical  and  electronic  properties.  This, 
along  with  recent  advances  in  3-d  surface  synthesis  offer  the  opportumty 
to  construct  wires  and  cluster  morphologies  not  readily  accessible  via 
1-d  layer  confinement  (1-d  refers  to  the  dimensionality  of  the 


9 


coxifinement)  approaches.  The  continuing  evolution  of  new  3-<i  periodic 
nanocomposite  arrays  and  porous  hosts*  generated  in  this  research 
should  also  provide  new  materials  for  sorption  catalysis  and  other  areas 
of  commercial  and  academic  interest. 
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TaUe  Captious 


Table  1.  Examples  of  the  number  of  atoms  that  can  be  put  in  a  single 
sodalite  cage. 

Table  2.  Formal  charge  variation  with  framework  composition.  The 
corresponding  total  formal  charge  variation  within  the 
sodalite  cage  is  from  0  to  -€. 


Figure  1. 

Figure  2. 
Figure  3. 

Figure  4. 

Figure  5. 


Figure  6. 

Figure  7, 
Figure  8. 
Figure  9. 


figure  Captious 

60  Atom  truncated  octahedron  of  the  sodalite  structure -with 
oxygen  atoms  included  (bottom)  and  excluded  (upper  right) 
compared  with  Cgo  truncated  icosahedron. 

M4X4  cubane-like  cluster  in  sodalite  structure  cage. 

Five  atom  M4X  sodalite  cage  cluster  along  with  MX 
fragments  from  surrounding  cages. 

Absorption  spectra  (absolute  scale)  for  Na43^  centers  in 
sodium  sodalite  at  Na^^/Nas^-^  loadings  of  1:2,  4, 10  and  50. 

Calculated  absorption  cross  section  of  Na43^  cluster  in  a 
sodalite  cage  at  Mgh  dilution  with  framework  and  sodium 
atom  charges  indicated,  a)  an  interpolation  between  the 
charges  of  Si  s  0.0,  A1  s  0.0,  0  s  -0.25,  and  Na  =  1.0  (22)  and 
the  (harges  given  by  Leherte  (21)\  b)  reference  (21); 
c)  reference  (20);  d)  an  interpolation  between  the  charges  of 
Van  Genechten  (20)  and  the  much  stronger  charge  model  of 
Skorczyk  (23)  which  places  a  charge  of  3.03  on  Si,  2.45  on  Al, 
-1.62  on  0. 

Theoretical  orientationally  averaged  high  resolution 
spectrum  of  a  single  cluster  in  a  sodalite  cage  at  high 
dilution  with  atomic  charges  of  Si=-«-1.5,  Al=0.85,  O=-0.84 
and  Nas-fl  (top)  and  observed  absorption  spectrum 
Na43>;Na33-*'  a  1:50. 


Sodalite  framework  composition  modifrcation  of  cage 
structure  for  hydrated  empty  cages. 

Use  of  cage  packaging  to  control  cluster  and  intercluster 
geometries. 

KiGeTOis  channel  structiire.  (57,58) 
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